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The snake illusion is an effect in which the lightness of target patches is strongly affected by the
luminance of remote patches. One explanation is that such images are decomposed into a pattern of
illumination and a pattern of reﬂectance, involving a classiﬁcation of luminance edges into illumination
and reﬂectance edges. Based on this decomposition, perceived reﬂectance is determined by discounting
the illumination. A problem for this account is that image decomposition is not unique, and that different
decompositions may lead to different lightness predictions. One way to rule out alternative decomposi-
tions and ensure correct predictions is to postulate that the visual system tends to classify curved
luminance edges as reﬂectance edges rather than illumination edges. We have constructed several vari-
ations of the basic snake display in order to test the proposed curvature constraint and the more general
image decomposition hypothesis. Although the results from some displays have conﬁrmed previous ﬁnd-
ings of the effect of curvature, the general pattern of data questions the relevance of the shape of lumi-
nance edges for the determination of lightness in this class of displays. The data also argue against an
image decomposition mechanism as an explanation of this effect. As an alternative, a tentative neurally
based account is sketched.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
In the well-known simultaneous contrast effect, lightness or
brightness of a patch depends on the luminance of its adjoining,
immediately surrounding areas. As illustrated in a version of this
effect in Fig. 1a, a disk placed on a high luminance surround looks
darker than an equiluminant disk placed on a low luminance
surround. However, the lightness of a target patch can also be
signiﬁcantly affected by the presence of remote elements, not adja-
cent to the target. The snake illusion (Adelson, 2000; Adelson &
Somers, 2000; Albert, 2006; Albert, 2007; Bressan, 2001; Bressan,
2006; Logvinenko et al., 2005; Logvinenko, Petrini, & Maloney,
2008; Logvinenko & Ross, 2005) is a strong and elegant illustration
of such a remote effect. In Fig. 1b, denoted as ‘snake’, high and low
luminance patches are added to Fig. 1a, causing an increase of the
lightness difference between the target disks, compared to Fig. 1a.In Fig. 1c, denoted here as ‘counter-snake’ (Bressan, 2001; refers to
such a ﬁgure as ‘articulated anti-snake’), the luminance values of
the added patches are switched (high becoming low and vice ver-
sa), causing a decrease of the lightness difference between the tar-
gets. The counter-snake ﬁgure is a useful control stimulus for the
snake ﬁgure because, except for the luminance switch of some ele-
ments, the two displays involve the same shapes in the same geo-
metrical arrangement and have the same average luminance.
Remote effects on lightness, such as the snake effect, are theoreti-
cally interesting because their existence directly rules out explana-
tions of lightness illusions which rely exclusively on the luminance
contrast between targets and their immediate surrounds
(Kingdom, 2003).
The luminance distribution (L) arriving into our eyes from an
environmental scene is the product of a pattern of illumination
(I) and a pattern of reﬂectances (R), according to the equation
L = I  R. It is generally accepted that the visual system is able to
decompose the resulting luminance distribution into its two gener-
ating sources, in order to sort out the contribution of constant sur-
face colors from the contribution of the variable illumination.
Lightness constancy, that is, the fact that perceived reﬂectance of
surfaces is relatively constant despite variations of illumination,
Fig. 1. Three lightness effects. (a) Simultaneous lightness contrast display: identical targets (disks) look different. (b) Snake display: difference of appearance of targets is
stronger. (c) Counter-snake display: difference of appearance of targets is weaker.
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illumination discounting.
An interesting explanatory approach to lightness illusions is
that they are due to the inappropriate application of processes of
image decomposition and illumination discounting to 2D images.
There are many examples of such explanations in the literature
(see Kingdom, 2011; Todorovic´, 2006). However, the success of
any general approach must be tested with individual examples of
its applications. The snake display is well suited for such analyses.
Fig. 2 presents, on the left, the snake image, and in its top right por-
tion an example how it may be decomposed into a reﬂectance pat-
tern and an illumination pattern. The reﬂectance pattern consists
of alternating curved stripes of high and low reﬂectance patches
(denoted as HR and LR), and the illumination pattern consists of
alternating straight-edged portions of high and low illumination
(denoted at HI and Li). The features of the image luminance distri-
bution that support this decomposition are X-junctions with a
characteristic structure of luminances of the four concurrent re-
gions (Adelson & Anandan, 1990; Beck, Prazdny, & Ivry, 1984;
Metelli, 1974). One of these X-junctions, with two diagonal edges
and two horizontal edges, is circled in the snake image, and is also
depicted in two blown up circles above the image; the correspond-
ing locations in the two component patterns are also circled. In the
circled portion of the reﬂectance pattern the open square indicatesFig. 2. Two decompositions of the snake image. Left portion: snake display. Top right p
edged illumination component. Bottom right portion: decomposition into a straight-ed
reﬂectance; LR: low reﬂectance; HI: high illumination; Li: low illumination. For detailshigh reﬂectance and the solid square indicates low reﬂectance; in
the left-hand circle above the snake image the corresponding pairs
of regions are depicted with connected squares. Analogously, in the
circled portion of the illumination pattern the open circle indicates
high illumination and the solid circle indicates low illumination; in
the right-hand circle above the snake image the corresponding
pairs of regions are depicted with connected circles. Thus the
two joined diagonal luminance edges of the X-junction correspond
to a single reﬂectance edge in the scene, whereas the two joined
horizontal luminance edges correspond to a single illumination
edge in the scene. Such a structure of the X-junction is thus com-
patible with and indicative of a reﬂectance edge crossed by an illu-
mination edge.
According to the image decomposition approach, based on the
input luminance pattern, the visual system is assumed to arrive
at reﬂectance values by discounting the effects of illumination,
such as interpreting low-illumination portions as shadows or
transparencies. What is the consequence of such an account for
judgments of lightness of targets? Note that, given that the two
target disks in the snake image have the same luminance L, but
that the bottom disk is assumed to be exposed to lower illumina-
tion I than the top disk, according to equation R = L/I it follows that
the reﬂectance R of the shaded bottom disk must be higher than
the reﬂectance of the normally illuminated top disk; in otherortion: decomposition into a curved-edged reﬂectance component and a straight-
ged reﬂectance component and a curved-edged illumination component. HR: high
see text.
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disk is dark gray and well lit. The perceived lightness difference
in Fig. 1b indeed agrees with this analysis, because the bottom disk
does appear lighter.
However, the above analysis faces a problem in the existence of
an alternative decomposition of the snake image, illustrated in the
bottom right portion of Fig. 2. In this scenario the patterns of
reﬂectance and illumination are switched, and the assigned reﬂec-
tance and illumination edges are thus switched as well. According
to this decomposition, the snake image is the result of straight-
edged stripes of alternating high and low reﬂectance, illuminated
by curved portions of alternating light intensity. In this case the
diagonal luminance edges correspond to an illumination edge in
the scene, and the horizontal luminance edges correspond to a
reﬂectance edge. The problem is that, in contrast to the ﬁrst
decomposition, in this scenario the top disk would be shaded
and the bottom disk well lit, leading to the wrong prediction that
the top disk should appear lighter.
Ruling out the second scenario could save the decomposition &
discounting explanation. One way to do that is to disallow curved
shadows. This idea, which will be labeled ‘the curvature con-
straint’, was proposed by Logvinenko et al. (2005), who claimed
that the visual system tends to classify curved luminance edges
as reﬂectance edges (as in the ﬁrst decomposition) rather than illu-
mination edges (as in the alternative decomposition). In their
experiments it was indeed found that the illusory effects tend to
get weaker in patterns in which straight edges, such as those in
Fig. 1b, get increasingly more curved; this effect was conﬁrmed
with other image patterns as well.
However, the curvature constraint also faces some problems.
One problem is that there seem to be no data showing that under
ecological conditions, that is, in everyday surroundings, shadows
indeed tend to have straight edges. It is true that shadows of some
objects with straight boundaries, such as walls or tree trunks, are
straight, but there are many objects with curved boundaries, such
as human body parts, leaves, fruit, etc., which have curved
shadows.
Consider now the anti-snake image (Fig. 1c). The weaker light-
ness effect in this ﬁgure than in the snake image is attributed by
Logvinenko et al. (2005) to the smaller luminance ratio across
the straight edge. However, there is still a problem with the
decomposition account. Fig. 3 contains the counter-snake display
on the left, and in its top right portion presents a decompositionFig. 3. Two decompositions of the counter-snake image. Left portion: counter-snake dis
and a straight-edged illumination component. Bottom right portion: decomposition
component. HR: high reﬂectance; LR: low reﬂectance; HI: high illumination; Li: low illuof the same type as the one in the top right portion of Fig. 2, into
a curved-edged reﬂectance pattern and a straight-edged illumina-
tion pattern, as supported by corresponding X-junctions. The logi-
cal problem is that in this analysis the top disk would be in shadow
and thus should be perceived as lighter (at least if image decompo-
sition is the only factor affecting the perception of lightness), that
is, the effect should be in the opposite direction than in the snake
ﬁgure. However, the top disk is in fact perceived as darker, that is,
the effect is in the same direction as in the snake ﬁgure. The light-
ness difference is indeed weaker than in the snake pattern, but the
prediction is in the wrong direction. A similar argument was pre-
sented by Bressan (2001).
The bottom right portion of Fig. 3 presents the alternative
decomposition. In this analysis the bottom disk is in shadow and
is thus correctly predicted to appear lighter. The problem, however,
is that in this scenario the illumination pattern is curved-edged,
contrary to the assumption of the curvature constraint.
The decomposition and discounting approach is an example of a
powerful and popular general explanatory strategy, in which visual
illusions are accounted for as misapplications of mechanisms
geared for veridical perception (Gillam, 1998; Gregory, 1963).
Therefore, it is of interest to examine in detail how this approach
deals with an intriguing and strong phenomenon such as the snake
illusion. In the present study our main aim was to test both the
curvature constraint as well as the more general notion that image
decomposition is the key for the explanation of these effects. For
this purpose we designed a set of variations of the snake and coun-
ter-snake conﬁgurations, involving manipulations of edge curva-
ture and the presence of illumination-indicating X-junctions.
An additional motivation for this study was the following: light-
ness illusions are often tested using a large variety of luminances of
the contexts, but the targets are often chosen from some limited
range of medium levels of luminance. We wanted to check
whether the snake illusion is effective for a somewhat broader
luminance range of targets. Therefore, in addition to medium lumi-
nance targets we also included relatively low luminance and high
luminance targets. Note, furthermore, that in the displays in Fig. 1
the luminance of the targets, which has a medium level, is such
that one target is an increment with respect to its immediate sur-
round and the other is a decrement. However, with surrounds kept
the same, both our high luminance targets were increments, and
both low luminance targets were decrements. This is relevant, be-
cause in some lightness illusions the luminance polarity of targetsplay. Top right portion: decomposition into a curved-edged reﬂectance component
into a straight-edged reﬂectance component and a curved-edged illumination
mination. For details see text.
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there are conditions in which simultaneous lightness contrast is
not obtained when both targets are increments (Economou,
Zdravkovic´, & Gilchrist, 2007). Also, for White’s effect to appear it
is necessary that the targets be adjacent to both increments and
decrements, otherwise it is weakened or disappears (Ripamonti &
Gerbino, 2001; Spehar, Gilchrist, & Arend, 1995). Thus it is of the-
oretical interest to test whether the snake illusion is present when
both targets have the same polarity with respect to their surround.2. Experiment
2.1. Methods
Subjects: Twenty psychology undergraduates from the Univer-
sity of Belgrade served as observers. To keep the length of experi-
mental sessions reasonable, they were divided into two groups
(Group 1: N = 9, Group 2: N = 11) who did not all see the same
stimuli. To ensure comparability, both groups saw the same base-
line displays, which were the control display (Fig. 4) and the repli-
cation of the standard snake and counter-snake displays (Fig. 5),
but they saw different additional displays. Group 1 also saw the
snake/counter-snake displays presented in Figs. 6, 7 and 10,
whereas Group 2 also saw the snake/counter-snake displays pre-
sented in Figs. 8, 9 and 11. Each group saw an additional display,
which will be mentioned in the text but not analyzed, because
the results were similar to other displays.
Stimuli: The size of the patterns was 9.5  6.9 of visual angle.
They were centered on the computer screen and surrounded by a
uniform gray ﬁeld, whose luminance was 13 cd/m2. The control
display (Fig. 4a) contained four horizontal stripes of alternating
luminance, consisting of two light stripes (35 cd/m2) and two dark
stripes (5.9 cd/m2), which served as immediate backgrounds of tar-
gets. The two middle stripes contained three horizontally arranged
targets each, which had a diamond shape, with equal horizontal
and vertical extents (0.4). The luminances of the target triplets
were identical, such that the two leftmost targets had low lumi-
nance (1.3 cd/m2), the two targets in the middle had medium lumi-
nance (16 cd/m2), and the two rightmost targets had high
luminance (48 cd/m2).
The snake and counter-snake displays differed from the control
display in two ways. First, in some displays the edges of the back-
ground stripes were not straight (Figs. 6–9); in the remaining dis-
plays the stripes were straight, same as in the control display (Figs.(a)
Fig. 4. (a) Conﬁguration A. The three diamond-shaped targets on the dark background
background stripe. (b). Results for conﬁguration A. Dependent variable: matched lumina
luminance (low, medium, high) and background luminance (dark stripe, light stripe). Th
graphs are 95% conﬁdence intervals.5 and 10–13). Second, in addition to the stripes and the targets,
these displays contained a number of remote elements, half of
which were black (1.3 cd/m2) and half white (47 cd/m2). Their
shape, number and arrangement can be seen in the corresponding
ﬁgures. In the snake displays the black remote elements were posi-
tioned on the dark background stripes and the white remote ele-
ments were positioned on the light background stripes; in the
counter-snake displays their luminances were switched.
Table 1 lists the luminance values of the elements of the dis-
plays and expresses them in two more ways. One way is in terms
of corresponding screen RGB units, whose values ranged from 0 to
255. The relation of luminance values and RGB units was nonlinear
and can be expressed as RGB = AlumB, with A = 0.0008, and
B = 2.0009. The other way is in terms of what we call relative lumi-
nances, which are the RGB units scaled into the range from 0 to 100
(by multiplying them with 100/255). This scale is convenient for
the representation of results, because the highest luminance that
our system could generate corresponds to 100, and the lowest to
zero, so that the intermediate luminances are expressed as per-
centages of the maximum.
In all displays, square-shaped (0.4) adjustment patches used
for matching were placed vertically above or below the
to-be-matched targets (thus indicating to observers which target
was to be matched), but outside of the display patterns, on the gray
ﬁeld surrounding the displays. The luminances of the elements of
the display were measured with a special CCD camera.
Apparatus and setup. The presentation of the stimuli was con-
trolled by a Psychtoolbox routine (Brainard, 1997). They were dis-
played on a 2100 calibrated monitor (Samsung, SyncMaster
1100 MB), placed at one end of a large, special-purpose built
light-proof box, whose inside walls were painted matte black.
The observers were seated at the other end of the box, 150 cm
away from the monitor, with their heads in a ﬁxed position. They
had a wireless keyboard on their lap, which was used to collect
responses.
Procedure: Each observer took part in four 25-min sessions, on
four consecutive days. In each session each of the 19 displays
was presented once, in random order. Different sessions used dif-
ferent orientations of the displays: original (such as presented in
the ﬁgures), left–right reversed, top–bottom reversed, and doubly
reversed. The task was to match the appearance of each of the
six targets in each display by varying the luminance of the corre-
sponding adjustment patch. The instruction did not differentiate
between lightness (perceived reﬂectance) and brightness (per-
ceived luminance). There were no time limits, and the next trial(b)
stripe have the same luminances as the three corresponding targets on the light
nces, in the range between 0 and 100 relative units. Independent variables: target
e same variables are plotted in all remaining graphs of the results. Error bars in all
(a) (b)
(c) (d)
Fig. 5. (a) Conﬁguration B1: replication of the snake illusion. (b) Conﬁguration B2: corresponding counter-snake display. (c) Results for conﬁguration B1. (d) Results for
conﬁguration B2.
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That is, when all six targets in a display were matched, the next
display was presented. The matching order of targets, and the ini-
tial luminance level of adjustment patches for each target were
randomized for each subject and trial. Whereas all targets were
simultaneously on the screen, each matching patch was only pres-
ent during the matching process.3. Results and discussion
The results for all conﬁgurations were the mean matches for the
six targets across four sessions of subjects in each group. They can
be conveniently grouped in three subsections, involving displays
serving as control and replication, as tests of the curvature con-
straint, and as tests of the notion of image decomposition as ap-
plied to snake-type conﬁgurations.3.1. Control and replication
Conﬁguration A: control display. Fig. 4a presents conﬁguration A,
which is a version of the standard simultaneous lightness contrast
effect, serving here for control. Fig. 4b presents the corresponding
data. The results are the mean matches of Group 1 and Group 2
combined, whose results were very similar. A background stripe
luminance (light, dark)  target luminance (low, medium, high) -
 group (group 1, group 2) ANOVA showed that neither the
group factor nor its interaction with other factors was signiﬁcant.
There were signiﬁcant effects of background luminance
(F(1,18) = 201.62, p < 0.001), target luminance (F(2,18) = .4304.04,p < 0.001), and their interaction (F(2,18) = 76.67, p < 0.001). More
insight into the structure of the outcome is provided by comparing
the effects of background luminance for each of the three target
luminances. For the two low luminance targets the difference be-
tween the matches for the two backgrounds was very small and
not signiﬁcant; this pattern for low luminance targets was typical
for all conﬁgurations studied in this paper. In contrast, the results
for the other targets conﬁrmed the venerable simultaneous light-
ness contrast effect: the target on the dark stripe was matched
with higher luminance than the identical target on the light stripe,
both for medium luminance targets (t(8) = 17.5, p < 0.001), and for
high luminance targets (t(8) = 6.3, p < 0.001). In the following these
statistical tests involving background stripes will be called local
effects, because they reﬂect the variation of the immediate sur-
rounds of the targets.
Conﬁgurations B1 and B2: replication of the snake illusion. Fig. 5a
presents a version of the snake display (conﬁguration B1) and
Fig. 5b presents the corresponding counter-snake display (conﬁgu-
ration B2). These displays are the same as Conﬁguration A, except
for the added black and white remote elements, which have oppo-
site luminances in the snake and the counter-snake conﬁgurations
(black and white patches are switched). The results for conﬁgura-
tions B1 and B2 for both groups of subjects combined are presented
in Fig. 5c and d, respectively. The results of the two groups were
very similar: eleven of the twelve matches differed maximally 3
units from each other, except for the match for the high luminance
target on the light stripe in the snake stimulus, which was 6 units
higher in Group 2, indicating a somewhat stronger local effect.
The full statistical analyses of these results, as well as the anal-
yses of the remaining 8 pairs of displays, all involve 3-way target x
(a) (b)
(c) (d)
Fig. 6. (a) Conﬁguration C1: snake display with moderately curved contours. (b) Conﬁguration C2: corresponding counter-snake display. (c) Results for conﬁguration C1. (d)
Results for conﬁguration C2.
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a total of 7 main effects and interactions, the full reporting would
be somewhat unwieldy. It would also in part not be very informa-
tive, because the results invariably included huge effects of differ-
ences between the three levels of target luminances, which are not
theoretically interesting, and a lack of effect of background for low
luminance targets, common to all conﬁgurations (which will be
commented upon in the general discussion section). Therefore,
the following analyses will concentrate on the differences of the ef-
fects of background stripe luminance for medium and high lumi-
nance targets. In addition to local effects, as described above, we
have also analyzed what we called remote effects and pattern ef-
fects, as deﬁned below. For all comparisons we used two-tailed re-
peated measures t-tests. Subsequently, at the request of a reviewer
we also conducted corresponding non-parametric Wilcoxon tests.
With one exception, noted in the next paragraph, the statistical
decisions were identical.
For the snake display, for the medium luminance targets the
local effect was substantial: the difference between the matching
luminances on the light and dark stripes amounted to 29% of the
whole matching range from 0 to 100 relative luminance units
(t(8) = 13.9, p < 0.001). The local effect was smaller but still strong
for the high luminance targets (t(8) = 6.8, p < 0.001). In contrast,
the corresponding local effects for the counter-snake displays were
much smaller. For medium luminance targets the local effect
amounted to 8% of the total matching range and was signiﬁcant
(t(8) = 4.1, p = 0.003); the signiﬁcance of this and other relatively
small effects reﬂects the consistency and small variability of the
subject matches. However, for high luminance targets this effect
was not signiﬁcant (t(8) = 1.8, p = 0.112). With this exception, the
local effects were signiﬁcant in all other cases in all displays usedin this study. Even this one comparison was signiﬁcant when
tested with the non-parametric Wilcoxon test.
Note that since not only the targets but also their immediate
backgrounds were identical in the snake and the counter-snake
display, the difference in the appearance of the targets in the two
conﬁgurations can only be due to the presence of the remote ele-
ments, whose size, shape and spatial distribution was the same,
but whose luminance values were opposite. The existence of this
difference is the essence of the snake illusion. One way to evaluate
it quantitatively is to calculate a statistical index of remote effects as
differential background effects, that is, as the differences of the
local effects for the snake and the counter-snake displays. For the
medium luminance targets the mean remote effect amounted to
29–8% = 21% and was signiﬁcant (t(8) = 8.34, p < 0.001); for the
high luminance targets the effect was smaller but it was also sig-
niﬁcant (t(8) = 3.5, p = 0.008). In other words, the difference be-
tween the luminance matches on the light and the dark stripe
was much larger for the snake display than for the counter-snake
display. Because they are useful as numerical and statistical indica-
tors of the presence of the snake illusion, indexes for remote effects
were also calculated for the remaining pairs of conﬁgurations, and
they were signiﬁcant in all cases.
In constructing the displays for our study, triangular shapes for
the remote elements were used rather than the rounded shapes
present in standard versions of the snake effect, such as in
Fig. 1b and c. Thus the displays did not involve contours with
smoothly changing curvature but rather piecewise straight
contours with abrupt changes of orientation, delineating not a
curved but a ‘zig-zag’ snake. This difference does not seem to be
particularly relevant for theoretical considerations. If the
Logvinenko et al. (2005) proposal regarding the curved shape of
(a) (b)
(c) (d)
Fig. 7. (a) Conﬁguration D1: snake display with strongly curved contours. (b) Conﬁguration D2: corresponding counter-snake display. (c) Results for conﬁguration D1. (d)
Results for conﬁguration D2.
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changing curvature, then our results with conﬁgurations B1 and
B2 would argue against it, because we obtained a signiﬁcant effect
with shapes that are not curved in this sense. However, if we inter-
pret their proposal as not necessarily involving smooth curvature
but, more generally, change of direction of contours, then our re-
sult with conﬁgurations B1 and B2, involving signiﬁcant remote ef-
fects, is a replication and conﬁrmation of the pattern of the
standard snake effect (Adelson, 2000; Bressan, 2001; Logvinenko
et al., 2005; Logvinenko, Petrini, & Maloney, 2008).
One question of interest is to compare the strengths of the ef-
fects in this study and in the Logvinenko, Petrini, and Maloney
(2008). One way to address this issue is to compare the strengths
of the remote effects in the snake and the counter-snake conﬁgu-
rations in the two studies. As noted above, the difference in the
matched values of the physically identical medium luminance tar-
gets on two backgrounds in the snake conﬁguration amounted to
65%  36% = 29% of the whole matching range, whereas in the
counter-snake conﬁguration it amounted to only 53%  45% = 8%,
meaning that the ﬁrst effect was 3.6 times larger than the second.
However, a perhaps more proper way to compare the two results is
to use actual luminance values, which are on the ratio scale. It this
case the ﬁrst effect is equivalent to 22.04  6.77 = 15.27 cd/m2, and
the second to 14.58  10.58 = 4 cd/m2, so that the ﬁrst was 3.8
times larger than the second. Logvinenko et al. used matched
Munsell units, and they expressed their results both as means
and medians (see their Table 1). Expressed as means (like we did
for our data), the corresponding effect for the snake conﬁguration
(their Fig. 1a) was equal to 7.51  4.74 = 2.77, and for the
anti-snake conﬁguration (their Fig. 1b) it was equal to
6.75  5.95 = 0.8. Thus the ﬁrst effect was 3.5 times larger than
the second. However, a perhaps more proper way to calculate thisindex is to use reﬂectance values, which are on the ratio scale.
Using reﬂectances corresponding to Munsell units (e.g. from table
II.I.C.I in Newhall, Nickerson, & Judd, 1943), the ratio of the two ef-
fects is equal to 3.3. However, if medians instead of means are
used, the indices are somewhat higher than in our study, being
equal to 4.3 for Munsell units, and 3.9 for reﬂectance values. The
bottom line is that although the numerical values of the indices
in the two studies are different and depend on which values are
used in calculations, they are all relatively similar. Thus we con-
clude that the strength of the snake illusion measured in our study
is quantitatively comparable to the one in the Logvinenko et al.
study.
3.2. Testing the curvature constraint
Conﬁgurations C1 and C2: moderately curved contours. Fig. 6a
and b presents versions of the snake and counter-snake displays
in which the edges that were straight in conﬁgurations B1 and
B2 are moderately curved in a wave-like manner. Their purpose
was to test whether the strength of the snake effect will decrease
with curved contours. Fig. 6c and d presents the corresponding re-
sults. In the snake display, the local effect was signiﬁcant for the
medium luminance targets (t(8) = 14.6, p < 0.001) and for the high
luminance targets (t(8) = 5.3, p = 0.001). In the counter-snake dis-
play, the local effect was also signiﬁcant, both for the medium
luminance targets (t(8) = 11.6, p < 0.001), and for the high lumi-
nance targets (t(8) = 4.6, p = 0.002). Furthermore, similar as for
the standard snake effect (conﬁgurations B1 and B2), the local ef-
fects were stronger for the snake display than for the counter-
snake display, that is, there was a remote effect, signiﬁcant both
for the medium luminance targets (t(8) = 3.4, p = 0.009) and for
the high luminance targets (t(8) = 4.3, p = 0.003). However, an
(a) (b)
(c) (d)
Fig. 8. (a) Conﬁguration E1: snake display with elliptical contours. (b) Conﬁguration E2: corresponding counter-snake display. (c) Results for conﬁguration E1. (d) Results for
conﬁguration E2.
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with moderate curvature (C1 and C2) the snake illusion was less
salient than in the patterns with straight edges (B1 and B2). Com-
pared to patterns with straight edges, in the moderate curvature
patterns the local effects were weaker in the snake display and
stronger in the counter-snake display, so that their differences
(the remote effects) were smaller. For example, whereas the re-
mote effect amounted to 21% for the medium luminance targets
in the B-conﬁgurations, it was only 5% for the C-conﬁgurations.
These differences between the two patterns can be numerically
expressed by calculating an index of the pattern effect as the
differential remote effect, that is, as the difference between the
remote effects in the B-conﬁgurations and C-conﬁgurations.
The mean pattern effect for the medium luminance targets was
16% and it was signiﬁcant (t(8) = 7.87, p < 0.001); however, for
the high luminance targets the pattern effect was not signiﬁcant
(t(8) = 1.75, p > 0.11). This outcome is theoretically important.
According to the Logvinenko et al. (2005) proposal, the snake
effect should be weaker for displays with curved shadows/
transparencies, and this result was indeed obtained, albeit only
for medium luminance targets. Because they are useful for com-
paring different conﬁgurations, pattern effects will be calculated
in several analyses in the following.
Group 1 of subjects was also presented with a pair of displays
which for reasons of brevity are not reproduced and analyzed here,
that can be described as a jagged contour version of ﬁgures C1 and
C2: their contours were not curved but consisted of straight seg-
ments with perpendicular angles between them. The results were
much the same as for ﬁgures C1 and C2. Thus whether the contour
of the shadow is smoothly curved, or has similar amplitude but
consists of concatenated straight segments with abrupt changes
of orientation, does not seem to make much of a difference forlightness perception in these displays. This is similar to the earlier
conclusion that there is no essential difference between curved and
zig-zag snakes.
Conﬁgurations D1 and D2: strongly curved contours. Fig. 7a and b
presents versions of the snake and counter-snake displays in which
the edges that were straight in conﬁgurations B1 and B2 and mod-
erately curved in conﬁgurations C1 and C2, are strongly curved.
Their purpose was to test the Logvinenko et al. (2005) claim that
increasing curvature leads to decreasing strength of the snake ef-
fect. Fig. 7c and d presents the corresponding results, which are
similar to the results with the C-conﬁgurations. In the snake dis-
play, the local effect was signiﬁcant for the medium luminance tar-
gets (t(8) = 17.2, p < 0.001) and for the high luminance targets
(t(8) = 6.6, p = 0.001). In the counter-snake display, the local effect
was also signiﬁcant for the medium luminance targets (t(8) = 13.5,
p < 0.001) and for the high luminance targets (t(8) = 5.3, p = 0.001).
Furthermore, the local effects were stronger for the snake display
than for the counter-snake display, that is, there was a remote ef-
fect, which was only marginally signiﬁcant for the medium lumi-
nance targets (t(8) = 2.2, p = 0.059), but was signiﬁcant for the
high luminance targets (t(8) = 3.3, p = 0.012). However, compared
with the straight-edged displays (B-conﬁgurations), the remote ef-
fects for strongly curved patterns (D-conﬁgurations) were clearly
weaker. This difference is demonstrated by pattern effects compar-
ing the two conﬁgurations, which were signiﬁcant both for the
medium luminance targets (t(8) = 10.9, p < 0.001) and for the high
luminance targets (t(8) = 2.5, p = 0.036). The remote effects in
strongly curved patterns were not statistically different from re-
mote effects in moderately curved patterns, since the pattern ef-
fects comparing the C- and D-conﬁgurations were neither
signiﬁcant for the medium luminance targets (t(8) = 1.3, p > 0.21)
nor for the high luminance targets (t(8) = 1.2, p > 0.25). Thus these
(a) (b)
(c) (d)
Fig. 9. (a) Conﬁguration F1: snake display with vertically shifted remote elements. (b) Conﬁguration F2: corresponding counter-snake display. (c) Results for conﬁguration F1.
(d) Results for conﬁguration F2.
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associated with decreasing strength of the effect. However, they
do conﬁrm the Logvinenko et al. (2005) curvature constraint, be-
cause the snake effect is decreased in comparison with B-
conﬁgurations.
Conﬁgurations E1 and E2: elliptical moderately and strongly curved
shadows. Fig. 8a and b presents displays that contain curved
shadows, and are in that respect related to C-conﬁgurations and
D-conﬁgurations, but involve elliptically shaped contours.
Although such displays (and most of the following conﬁgurations)
do not evoke associations with snakes, the labels ‘snake’ and ‘coun-
ter-snakes’ will still be used to denote the variants with switched
luminances of remote elements. The purpose of these displays
was to provide another test of the curvature constraint, using dif-
ferently curved edges. Fig. 8c and d presents the corresponding re-
sults. In the snake display, the local effect was signiﬁcant for the
medium luminance targets (t(10) = 14.5, p < 0.001; the difference
in the degrees of freedom from previous analyses is because this
display was observed by Group 2) and for the high luminance tar-
gets (t(10) = 6.6, p < 0.001). In the counter-snake display, the local
effect was also signiﬁcant for the medium luminance targets
(t(10) = 4.8, p = 0.001) and for the high luminance targets
(t(10) = 3.8, p = 0.004). Furthermore, the local effects were stronger
for the snake display than for the counter-snake display. Thus for
the medium luminance targets the remote effect was 21% and it
was signiﬁcant (t(10) = 11.4, p < 0.001); for the high luminance tar-
gets it was also signiﬁcant (t(10) = 5.8, p < 0.001). The remote ef-
fects in elliptical patterns were not different from remote effects
in standard straight-edged displays (B-conﬁgurations, observed
by Group 2) for the medium luminance targets, as the pattern ef-
fect comparing them was not signiﬁcant (t(10) = 0.35, p > 0.73).However, the remote effect was weaker for the high luminance
targets, as shown by the signiﬁcant pattern effect (t(10) = 5.7,
p < 0.001).
The obtained lack of difference of the elliptical shadow pattern
from the straight-edge pattern for the medium luminance targets
is a problem for the Logvinenko et al. (2005) proposal. This shadow
has curved contours, including portions with both moderate and
high curvature (similar in that respect to both C-conﬁgurations
and D-conﬁgurations), and yet the lightness effect was as strong
as in the standard snake version with straight-edged shadows
(B-conﬁgurations), albeit only for medium luminance targets, indi-
cating that curved shadows do not necessarily imply a weaker
snake illusion.
3.3. Testing the role of decomposition and illumination/transparency
The conﬁgurations presented up to now have included edges
with variously curved backgrounds involving X-junctions that
supported the impressions of shadows/transparencies, in order
to test the effects of these shapes on the strength of the snake
illusion. However, a more general question concerns whether
the existence of such effects depends at all on the impression
of illumination, that is, whether the image decomposition and
illumination discounting mechanism is indeed responsible for
the snake-type lightness effects. To answer that question, addi-
tional conﬁgurations were constructed. They featured straight-
edged background stripes and remote elements with the same
shapes and sizes as in the standard display, but involved various
types of their rearrangements within the stripes. The purpose of
these manipulations was to eliminate the critical X-junctions
(formed by remote elements and background stripes) that sup-
(a) (b)
(c) (d)
Fig. 10. (a) Conﬁguration G1: snake display with horizontally shifted remote elements. (b) Conﬁguration G2: corresponding counter-snake display. (c) Results for
conﬁguration G1. (d) Results for conﬁguration G2.
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snake illusion type of effect is still present in such transformed
displays.
Conﬁgurations F1 and F2: vertically shifted remote elements.
Fig. 9a and b presents versions of the snake and counter-snake
displays whose remote elements, compared to standard displays
(B-conﬁgurations), are vertically displaced towards the interior of
the background stripes. The purpose of this variation was to con-
struct displays similar to the standard snake and counter-snake
conﬁgurations, but without the X-junctions, thus removing the
stimulus features that underlie the impressions of transparency.
Fig. 9c and d presents the corresponding results. In the snake dis-
play, the local effect was signiﬁcant both for the medium lumi-
nance targets (t(10) = 14.0, p < 0.001) and for the high luminance
targets (t(10) = 8.8, p < 0.001). In the counter-snake display, the lo-
cal effect was also signiﬁcant both for the medium luminance tar-
gets (t(10) = 3.2, p = 0.009) and for the high luminance targets
(t(10) = 2.3, p = 0.043). Furthermore, the local effects were stronger
for the snake display than for the counter-snake display, that is,
there were signiﬁcant remote effects, both for the medium
luminance targets (t(10) = 9.4, p < 0.001), and for the high lumi-
nance targets (t(10) = 7.2, p < 0.001). The remote effects in these
patterns were not different from remote effects in standard dis-
plays (B-conﬁgurations), as the pattern effects comparing them
were not signiﬁcant either for the medium luminance targets
(t(10) = 0.8, p > 0.73) or for the high luminance targets
(t(10) = 1.8, p > 0.09). This result is theoretically signiﬁcant because
it shows that in a pair of conﬁgurations highly similar to standard
snake and counter-snake displays, but lacking X-junctions that
provide shadow/transparency cues, a lightness effect fully analo-
gous to the snake illusion is present. A similar ﬁgure and argumentwere put forward by Albert (2007). This outcome, and similar out-
comes for the conﬁgurations reported below, question the plausi-
bility of the approach based on image decomposition and
illumination discounting for the explanation of these effects.
Group 2 of subjects was also presented with a pair of displays
which for reasons of brevity are not reproduced and analyzed here,
whose remote elements, compared to standard displays (B-conﬁg-
urations), were rotated by 90 degrees, thus again eliminating the
X-junctions.
For the medium luminance targets the remote effects in these
patterns were not different from remote effects in standard
straight-edged displays (B-conﬁgurations), as the pattern effect
comparing them was not signiﬁcant; however, the remote effect
was weaker for the high luminance targets. The absence of differ-
ence of effects for medium luminance targets presents another dif-
ﬁculty for the decomposition & discounting approach.
Conﬁgurations G1 and G2: horizontally shifted remote elements.
Fig. 10a and b presents versions of the snake and counter-snake
displays in which, in contrast to preceding displays, the remote
elements remained in contact with background edges, but half of
them were shifted along the borders, compared to standard dis-
plays (B-conﬁgurations). In consequence, they were positioned in
aligned pairs, which was another way to eliminate the X-junctions.
Note that these displays do not invoke impressions of different illu-
mination for different rows of targets. Furthermore, although the
snake display does invoke impressions of transparency, such
impressions are present in surrounds of diamonds in both rows,
and thus cannot contribute to their perceived lightness difference.
Fig. 10c and d presents the corresponding results. In the snake dis-
play, the local effect was signiﬁcant for the medium luminance tar-
gets (t(8) = 19.7, p < 0.001), and for the high luminance targets
(a) (b)
(c) (d)
Fig. 11. (a) Conﬁguration H1: snake display with doubled number of remote elements. (b) Conﬁguration H2: corresponding counter-snake display. (c) Results for
conﬁguration H1. (d) Results for conﬁguration H2.
Fig. 12. (a, b) Snake and counter-snake displays with star-like remote elements. (c, d) Snake and counter-snake displays with ring-like remote elements.
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was also signiﬁcant for the medium luminance targets (t(8) = 7.7,
p = 0.002), and for the high luminance targets (t(8) = 2.9,p < 0.019). Furthermore, the local effects were stronger for the
snake display than for the counter-snake display, that is, there
were signiﬁcant remote effects, both for the medium luminance
Fig. 13. Sketches of receptive ﬁelds of on-center off-surround cells superimposed upon targets. (a) Simultaneous lightness contrast display. (b) Snake display. (c) Counter-
snake display.
Table 1
Photometric values of the elements of the stimulus displays, expressed as luminances,
RGB-values, and scaled luminance values.
Luminance
(cd/m2)
RGB-value Scaled
luminance
Dark stripe 35 208 82
Light stripe 5.9 80 31
Low luminance target 1.3 16 6
Medium luminance target 16 143 56
High luminance target 48 244 96
Low luminance remote element 1.3 16 6
High luminance remote element 47 240 94
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(t(8) = 7.6, p < 0.001). For the medium luminance targets the re-
mote effect was weaker from the remote effect in the standard dis-
play (B-conﬁgurations), as the pattern effect comparing them was
signiﬁcant (t(8) = 2.6, p < 0.032), but it was not different for the
high luminance targets, for which the pattern effect was not signif-
icant (t(8) = 0.35, p > 0.73). The absence of difference for high lumi-
nance targets is another demonstration that effects analogous to
snake effects can be obtained in conﬁgurations that do not involve
perceived illumination.
Conﬁgurations H1 and H2: doubled number of remote elements.
Fig. 11a and b presents versions of the snake and counter-snake
in which the remote elements had the same spatial relation as in
G-conﬁgurations, but their number was doubled, which was still
another way to eliminate the X-junctions and impressions of dif-
ferential illumination. Fig. 11c and d presents the corresponding
results. In the snake display, the local effect was signiﬁcant for
the medium luminance targets (t(10) = 9.9, p < 0.001), and for the
high luminance targets (t(10) = 9.0, p < 0.001). In the counter-
snake display, the local effect was also signiﬁcant for the medium
luminance targets (t(10) = 2.9, p = 0.017), and for the high lumi-
nance targets (t(10) = 2.5, p < 0.030). Furthermore, the local effects
were stronger for the snake display than for the counter-snake dis-
play, that is, there were signiﬁcant remote effects, both for the
medium luminance targets (t(10) = 8.5, p < 0.001), and for the high
luminance targets (t(10) = 6.7, p < 0.001). For the medium lumi-
nance targets the remote effect was the same as in standard dis-
plays (B-conﬁgurations), as the pattern effect comparing them
was not signiﬁcant (t(10) = 0.6, p > 0.57), but it was weaker for
the high luminance targets, for which the pattern effect was signif-
icant (t(10) = 3.1, p = 0.011). The absence of difference for medium
luminance targets is still another example of snake-type effects
unaccompanied by differential perceived illumination.4. General discussion
Simultaneous lightness contrast is the local effect in which
identical targets look different when placed on different surrounds.
There is still no generally accepted explanation for this effect. A
level of complexity (and a theoretical challenge for any account
of lightness) is added in phenomena which involve remote rather
than local effects. An intriguing example of such phenomena is
the snake illusion, in which identical targets placed on identical
surrounds look different, due to the presence of different remote
elements. In this study we constructed several snake/counter-
snake pairs of displays in which such remote effects were mani-
fested. They contained remote elements in form of patches that
had the same size, shape and arrangement, but opposite luminance
values (meaning that patches that were dark in one member of the
pair were light in the other member, and vice versa).
The present study of the snake illusion had two goals, a main
one and a subsidiary one. To start with the latter, the motivation
was to test the appearance of the snake illusion and its variants
with a somewhat larger range of target luminances, including not
only medium luminance targets (compared with the luminances of
other patches in the displays), but also high and low luminance tar-
gets. The results showed that the effects for these three types of
targets were indeed different. The clearest and strongest remote ef-
fects were found with medium luminance targets, which were gen-
erally used in previous work. These targets also had the feature
that although both had the same luminance, one target was an
increment with respect to its immediate surround and the other
was a decrement. On the other hand, the low luminance targets,
which were displayed on the same immediate surrounds as the
medium luminance targets, were both decrements. The results
showed that for these targets the luminances of the surrounds
had little or no effect on the lightness of the targets in all studied
conﬁgurations. This outcome was possibly a ﬂoor effect: in our set-
up, both targets looked so dark that in the majority of trials the
subjects matched them with zero luminance. However, it does
not follow generally that for double decrements the snake illusion
will not be present. In most cases, especially in the snake displays,
there was a difference in the mean matched luminances, which
was in the same direction as for the medium luminance targets,
but it was numerically much smaller. Thus it is possible that with
double decrement targets with somewhat higher luminances than
were used in our study, the snake illusionmight be present. Finally,
the high luminance targets were both increments. For them, the re-
mote effects were not only in the same direction as for the medium
luminance targets, but they were often substantial, so that there is
no doubt that the snake effect can be present for double incre-
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most all cases the local effects were smaller than for medium lumi-
nance targets. It is possible that there was a ceiling effect,
especially for targets on dark background, since the matched lumi-
nances in most cases closely approached the maximal value. In
sum, the most sensitive data for the analysis of these effects seem
to be furnished by medium luminance targets.
We now return to the main goal of the present study, which was
to test the explanatory adequacy of two notions. One was the gen-
eral notion of decomposition, that is, the idea that the lightness ef-
fects in this class of phenomena can be understood as byproducts
of visual mechanisms that decompose the luminance distribution
into a reﬂectance component and an illumination component
(including shadows and transparencies), thus involving a classiﬁ-
cation of luminance edges into reﬂectance edges and illumination
edges. The other was the more concrete notion of the curvature
constraint, that is, a hypothesis about the edge classiﬁcation pro-
cess which claims that the visual system is less likely to treat
curved luminance edges as illumination edges (Logvinenko et al.,
2005).
To begin with the latter notion, two difﬁculties for the curvature
constraint were noted in the introduction The ﬁrst was the ecolog-
ical difﬁculty, that is, the fact that shadows in the environment do
not seem to be predominantly straight. Thus although it is true that
in the standard forms of the snake illusion, such as in Fig. 1b–c or in
the B-conﬁgurations, the straight edges are dominantly perceived
as illumination edges, whereas the curved or zig-zag edges are
dominantly perceived as reﬂectance edges, it is can be questioned
whether this fact is a manifestation of some general preference of
the visual system for straight-edged shadows. As a corroboration of
this doubt, note that the elliptical patch in conﬁguration E in Fig. 8
invokes an impression of shadow that does not seem less convinc-
ing than the impressions of straight-edged shadows in conﬁgura-
tion B1.
The other problem was the logical difﬁculty, where we argued
that for the counter-snake images the curvature constraint leads
to the wrong prediction that the direction of the effect would be re-
versed, such that targets on light stripes should appear lighter than
targets on dark stripes, since the light stripes looks as if in shadow.
However, there was no numerical reversal of the direction of the
effect in any of our displays
Among the experiments that are reported above, some did pro-
vide support for the curvature constraint. In conﬁgurations with
wave-like shadows, both moderately curved (C-conﬁgurations)
and strongly curved (D-conﬁgurations), the snake illusion was
weaker than in the standard conﬁguration with straight-edged
shadows (B-conﬁgurations). However, in conﬁgurations with ellip-
tical shadows (E-conﬁgurations) the illusion was not weaker than
in the standard conﬁgurations, at least for medium luminance tar-
gets. This result is a problem for the curvature constraint, and sug-
gests the possibility that the issue of edge curvature as such may
not necessarily be a crucial factor, and that the correlation between
edge shape and illumination/reﬂectance interpretation present in
the standard snake conﬁgurations may be an accidental feature,
unrelated to the cause of the snake effect.
Turning now to the general image decomposition hypothesis,
recall that it was tested by constructing several conﬁgurations
that eliminated the X-junctions which indicate the presence of
shadows or transparencies in the standard form of the illusion
(conﬁguration B). For medium luminance targets, for three out of
four tested conﬁgurations the remote effect was as strong as in
the standard conﬁguration, whereas for high luminance targets,
this was true for two out of four conﬁgurations; results for the dis-
plays which were described above but not reproduced and ana-
lyzed are included in this tally. Note that in the three cases in
which it was weaker, the remote effect was still robustly present,it was just not as strong as in the standard form. These results sug-
gest that for the appearance of the illusion, even in full strength,
the assumption of an image decomposition process may not be
necessary. The results do not question the existence of processes
of image decomposition and illumination discounting as such, for
example as parts of mechanisms involved in lightness constancy.
However, they do cast doubt on the idea that these mechanisms
are responsible for the class of phenomena studied in this paper.
For a more detailed critique of the image decomposition approach
as applied to other lightness effects, see Todorovic´ (2006).
A possible criticism of these conclusions is that conﬁgurations
that lack X-junctions may provide other cues for the presence of
transparencies or shadows. However, it is not clear what these cues
may be. Furthermore, in these displays the impression of shadows
or transparencies does not appear to be strong. In particular, in
conﬁguration H1 the immediate background regions of the targets
have completely lost the character of horizontally extended re-
gions of high and low illumination, present in the standard form,
and instead appear more like a mesh of isolated large gray dia-
monds, ﬂoating above a partially visible striped background,
formed by the remote elements. Similarly, in conﬁguration G1
the impression of illumination is not present either; rather, the
immediate background regions have coalesced into a single large
continuous transparent gray surface with diamond-shaped holes
through which a striped background is partially visible.
As a rejoinder, one might claim that conscious impressions of
variation of illumination are not necessary to elicit processes of im-
age decomposition and illumination discounting, which could be
triggered automatically by some (unspeciﬁed) cues present in
these images. However, such an idea would be hard to test. Fur-
thermore, it is not clear why such automatic processes would take
precedence in determining perceived lightness over consciously
present perceptual organizations which do not involve impressions
of different levels of illumination, such as those described above for
conﬁgurations G1 and H1.
Additional support for the claim that perception of illumination
may not play a crucial role in these effects is provided by Fig. 12. It
contains two pairs of displays which are analogous to the above
snake/counter-snake pairs in two respects: the logic of the design
is the same (in the snake displays the black remote elements are
contained in the dark background stripes and the white remote
elements are contained in the light background stripes, whereas
in the counter-snake displays it is the other way around), and
the lightness effects are similar, in that the difference between tar-
gets appears larger in the snake displays than in the corresponding
counter-snake displays. However, these displays do not seem to
evoke any impressions of shadows or transparencies. Another ﬁg-
ure in which the transparency percept was eliminated but the re-
mote effect remained was presented by Bressan (2001). Thus there
are quite a few cases in which snake-type effects are found in ﬁg-
ures in which they cannot be explained by a process of illumina-
tion discounting.
4.1. Accounting for the snake effect
If, as argued here, the snake effect has little to do with either the
shape of the edges or illumination discounting, then how is it to be
accounted for? Bressan (2006) proposed a double anchoring mid-
level theory to explain a number of lightness effects, including the
snake effect. On the other hand, there are a number of low-level
computational models which have simulated a range of lightness/
brightness effects (Blakeslee &McCourt, 1999; Blakeslee &McCourt,
2001; Blakeslee & McCourt, 2005; Grossberg & Todorovic, 1988;
Robinson, Hammon, & de Sa, 2007). In particular, Blakeslee &
McCourt, 2012 have simulated the snake effect in its standard form
with a multiscale oriented DOG ﬁlter model, whereas Shapiro and
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model. Here an approach will be sketched showing how the stan-
dard snake effect may be based on the output of retinal neurons
with concentric antagonistic receptive ﬁelds. This idea is motivated
by the observation that although the local contrasts of the targets
are identical in the control display, the snake displays and the coun-
ter-snake displays, there is a difference in the luminance distribu-
tion in regions at intermediate distances from the targets, which
may be reﬂected in the outputs of retinal neuronswith large enough
receptive ﬁelds. In particular, note that for targets positioned on the
lighter backgrounds, in the snake displays these backgrounds con-
tain non-adjacent but relatively nearby high luminance patches,
whereas in the counter-snake displays the same backgrounds con-
tain low luminance patches; for targets positioned on the darker
backgrounds, it is the other way around (Kingdom, 2011).
Fig. 13 presents insets of the control display (13a), the standard
snake display (13b), and the standard counter-snake display (13c),
which contain the two medium luminance targets. Superimposed
upon the six targets are receptive ﬁelds of six on-center-
off-surround cells. The activation level of such cells is equal to
the excitation generated by the center minus the inhibition gener-
ated by the surround. It is assumed that the targets ﬁll out most of
the receptive ﬁeld centers. Because all targets have the same lumi-
nance, the excitation generated in the centers will thus be much
the same for all six neurons, so that the differences in their activa-
tion will be caused mainly by differences in the stimulation of their
inhibitory surrounds.
Consider ﬁrst conﬁguration A, the control display. Since the
inhibition caused by the light background stripe will be larger than
the inhibition caused by the dark background stripe, the activation
of the cell whose receptive ﬁeld is centered on the target posi-
tioned on the light background (for short, the ‘light background
cell’) will be smaller than for the cell whose receptive ﬁeld is cen-
tered on the target positioned on the dark background (for short,
the ‘dark background cell’). This difference in their activation level
could contribute to the impression that the former target looks
darker and the latter lighter. Consider next the standard snake dis-
play. The difference from the control display is that the receptive
ﬁeld of the light background cell now includes portions of white re-
mote elements, whereas the receptive ﬁeld of the dark background
cell now includes portions of black remote elements. The conse-
quence is that the inhibition of the light background cell will be
larger than in the control display, so that its overall activation level
will be smaller, whereas the inhibition of the dark background cell
will be smaller than in the control display, so that its overall acti-
vation level will be larger. If these activation levels contribute to
the appearance of the targets, the prediction is that the ﬁrst target
will look darker and the second lighter than in the control display,
so that the difference in their appearance will be larger. Finally, for
the counter-snake display, by a fully analogous argument it follows
that the inhibition for the light background cell will be smaller and
the inhibition for the dark background cell larger than in the con-
trol display, so that the difference of appearance of the correspond-
ing targets will be smaller. In sum, the difference of appearance of
targets in the snake display is predicted to be larger than the cor-
responding difference in the counter-snake display, which agrees
with the data.
An obvious criticism of this proposal is that it seems to apply
only for the cells whose receptive sizes and positions closely match
those sketched in Fig. 13. However, effects in the same direction,
though increasingly smaller, would also be expected for neurons
whose receptive ﬁeld sizes and positions increasingly deviate from
those in Fig. 13. For cells with much smaller and much larger
receptive ﬁeld sizes, there would be little difference of activation
for the snake and the counter-snake display. However, this may
not be a signiﬁcant problem for this account, if it is assumed thatthe percept of lightness of targets is based on some kind of average
activation of neurons of all sizes, and that for most neurons the
output is either in the direction of the effect or zero. Nevertheless,
a proper test of this proposal would involve the construction of a
working neural network model, including multi-scale receptive
ﬁelds, in order to explore how it would react to various stimulus
conﬁgurations such as those studied in this paper. In addition, a
more detailed test of this approach would necessitate a new set
of displays, speciﬁcally constructed to test the model.Acknowledgments
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